Abstract: This study examined the foliar response of putative hybrid Engelmann × white × Sitka spruce (Picea engelmannii Parry × Picea glauca (Moench) Voss × Picea sitchensis (Bong.) Carr) needles in relation to crown position and across three stages of development (15, 55, and 145 years). We focused on the morphological and anatomical response, and used physiological measures (photosynthesis and stomatal conductance) to emphasize the important relationship between structure and function. We found that needles from the upper outer crown position were adaptated to reduce stress from evapotranspiration. Trees from the 15-and 55-year-old stands generally responded the most, and trees from the 145-year-old stand responded the least. As they mature, these spruce trees may have reduced ability to adapt to their environment. Some of our results contradict what the literature considers "typical" for sun-shade dimorphism in temperate forests. For example, in all stands, sun needles were broader than shade needles and, in the two younger stands, sun needles were larger in area, not smaller, than shade needles. Also, in the youngest stand, stomatal pores were longer on sun needles than on shade needles. There were no definite patterns in stomatal spacing with regard to crown position. Our results are indicative of the strategies adopted to increase competitiveness in a resourcelimited environment. We suggest that, in the 15-year-old stand, neither water nor light is limiting; in the 55-year-old stand, both water and light are highly limiting; and in the 145-year-old stand, water is most limiting.
Introduction
Leaf structure has both a genetic component and an environmental component. As it develops, the leaf responds to its environment in a variety of ways. For example, phenotypic plasticity can be expressed within an individual. Differences in light quality and quantity from the upper-to the lower-crown positions of a tree result in a plastic response of both leaf structure and function, i.e., morphological, anatomical, and physiological responses to the sun-shade continuum. Hanson (1917) and Büsgen and Münch (1929) were among the early workers to enumerate differences between sun and shade leaves.
High levels of solar radiation in the upper crown are associated with desiccation, and so the responses to intense light and scarce water are often similar. Sun leaves tend to exhibit traits similar to those of drought-avoiding plants (Ashton and Berlyn 1992) , as ultimately there is a trade-off between maximizing carbon gain (necessitating CO 2 uptake and light harvesting) and minimizing water loss (Givnish 1979 (Givnish , 1988 and photoinhibition. In practice, it is methodologically impossible to conclusively separate the anatomical effects of a response to drought from those of a response to high light levels when field-grown specimens are being studied. Foliar morphology may also be related to nutrient availability (Joffre et al. 1999; Meziane and Shipley 1999; Poorter and Garnier 1999) , but light is the main environmental trigger for changes in leaf morphology (Fitter and Hay 1987, p. 50) .
The physiological and anatomical responses to light and drought vary among tree species (according to the successional status) and within a species (depending on tree age and canopy position) (Wylie 1951 (Wylie , 1954 Jackson 1967; Carpenter and Smith 1975; Boardman 1977; Hinckley et al. 1978; Lichtenthaler et al. 1981; Fetcher et al. 1983; Bahari et al. 1985; Abrams and Knapp 1986; Abrams 1988; Givnish 1988; Lee et al. 1990; Strauss-Debenedetti and Bazzaz 1991; Ashton and Berlyn 1992, 1994; Strauss-Debenedetti and Berlyn 1994; Ashton et al. 1998) . Relationships between anatomical and physiological parameters are important (reviewed by Smith et al. 1997 ), because they can help to explain why species are well suited to occupying particular sites (Ashton and Berlyn 1994) .
This study compares the morphological, anatomical, and photosynthetic characteristics of Picea engelmannii Parry × Picea glauca (Moench) Voss × Picea sitchensis (Bong.) Carr (Engelmann × white × Sitka spruce hybrid) needles from different crown positions and across a forest chronosequence. In northern and central British Columbia (between 52°and 57°N), from the Rocky Mountains to the Coastal Range, most spruce stands show some evidence of hybridization between white, Engelmann, and, occasionally, Sitka spruce (MacKinnon et al. 1992) . Picea engelmannii × Picea glauca hybrids are commonly designated "interior spruce" (Parish et al. 1996) . In our study area, however, which is part of the Nass Skeena Transition , interior and Sitka spruce are known to hybridize (Sutton et al. 1991 (Sutton et al. , 1994 . It is therefore realistic to refer to the spruce in our study area simply as hybrid spruce.
Our emphasis is on how a needle's growth environment results in morphological and anatomical adaptations. As physiological parameters, measures of photosynthesis and stomatal conductance are used primarily to assist in our interpretation of the structural response to environmental conditions, e.g., relationships between form and function (Smith et al. 1997) in the context of crown position and tree age.
Crown position is related to drought stress and, most importantly, to the light environment in which the needle expands and functions. Not only is the quantity of light reduced in the lower crown positions (owing to shading by the upper canopy), but the quality of light, as measured by the red : far red ratio, is also altered. The integrated photonflux density, rather than the peak density, has been shown to be the main factor in determining the foliar response to light, and is positively correlated with several "sun-leaf" characteristics (Chabot et al. 1979 ). The red : far red ratio inside the canopy is different (owing to the filtering effect of leaves; see Lee and Graham 1986 ) from that of unintercepted sunlight (Richards and Lee 1986) , and this ratio has been related to foliar morphogenesis (van Hinsberg and van Tienderen 1997). Thus, needle structure can be interpreted as giving an index of the integrated light conditions at a point in the canopy (Sprugel et al. 1996) .
The chronosequence gives insight into the changes in needle structure and photosynthetic parameters that may be associated with tree ontogeny and stand development. Changes in the plastic response with tree age are not well understood. We find evidence of foliar differences between juvenile and mature trees, as different strategies are adopted to deal with competition. However, a complicating factor is that trees modify their own environment. The availability of limiting abiotic factors, such as light, water, and nutrients, changes as stands pass through different stages of development (Oliver and Larson 1996) .
Materials and methods

Study site
The research site (which has been described in greater detail elsewhere; see Ashton et al. 1998 ) was located in northwestern British Columbia, Canada (55°55′N, 126°10′W) in a moist cold subzone of the Interior Cedar Hemlock biogeoclimatic zone (ICHmc2). The interior cedar-hemlock forest type (Meidinger and Pojar 1991) occupying this area represents a transition between true coastal and interior forests. In an attempt to recreate the chronosequence of succession, we studied three stands of different ages, viz., 15 years (S15), 55 years (S55), and 145 years (S145). LePage (1995) documents stand histories in greater detail. These extensive stands are growing on similar soils, experience similar climates, and are considered to be the same forest type. All these stands were established following catastrophic fires. Stem analysis and stand reconstruction has indicated that the stands we chose as a chronosequence are representative of stand development patterns in this forest type. The two older stands (S55 and S145) were located in the Date Creek Research Area, managed by the British Columbia Ministry of Forests, and the youngest (S15) was on land bordering the research area.
The three stands fit into the "stand initiation" (S15), "stem exclusion" (S55), and "understory re-initiation" (S145) stages of Oliver and Larson's (1996) stand development model. S15 had an open canopy and abundant light reached the understory. Paper birch and willow emergents stood above an irregular canopy of lodgepole pine and hybrid spruce and a subcanopy of western hemlock and western redcedar. S55 had a closed canopy and a very shaded understory. Hybrid spruce, lodgepole pine, and paper birch dominated the irregular canopy. There was a subcanopy of western hemlock and some western redcedar. S145 had scattered emergents of hybrid spruce, lodgepole pine, and subalpine fir. The canopy was largely western hemlock and paper birch, with a subcanopy of western hemlock and western redcedar. Sutton et al. (1994) demonstrated that the trend in Sitka-interior spruce introgression is consistent with topographical trends. There is a significant difference in the nature of hybridization between our study area, located in the Nass Skeena Transition, and the nearby Bulkley Valley (Sutton et al. 1994) . A steep environmental gradient from a coastal to an interior climate (in particular, temperature and precipitation) and strong selection pressures ) characterize the Nass Skeena Transition. Seeds from three areas immediately surrounding our site have a hybrid spruce fraction mix of 0.46±0.08 SE (Sutton et al. 1994) , where 1.0 means interior spruce and 0.0 means Sitka spruce. The three stands we studied are located in close proximity to each other and occur on topographically similar sites. This fact, combined with genetic and physiological studies of seedlots in this region by Sutton et al. (1991 Sutton et al. ( , 1994 and Grossnickle et al. (1997) , as well as the work of Fan et al. (1997 Fan et al. ( , 1999 on Sitka × interior hybrids in general, supports our contention that the nature of hybridization in S15, S55, and S145 is consistently the same. While some variation in hybridization no doubt exists in the area around our study site, it is actually related to much greater scales of introgression when progressing from the sea across the mountains.
Sampling
In July 1994, photosynthesis was measured and needles were sampled from four randomly selected trees in each stand (details of the experimental design are given in Ashton et al. 1998) . Sample trees were well dispersed in each stand to account for possible site heterogeneity. The needles used for the study were located at six different crown positions that were characterized as upper outer (UO), upper inner (UI), middle outer (MO), middle inner (MI), lower outer (LO), and lower inner (LI) (Fig. 1) . Because of the small size of trees in S15, only the UO, LO, and LI crown positions were sampled.
Photosynthesis
On the day of sampling, a selected tree was felled early in the morning. From each crown position a branch was cut and immedi- Fig. 1 . Mean dimensions, by stand, of hybrid spruce, with mean crown position of foliage samples taken. "Base" measurements are the vertical distance from the sample to the base of the tree; "bole" measurements are the horizontal distance from the sample to the bole of the tree. Measurements are in metres unless otherwise stated. Standard deviations are given in parentheses. Note the differences in vertical and horizontal scales. Vertical scale is compressed for the S145 and S55 stands. ately immersed in water, where it was re-cut to maintain an unbroken water column. Our own field tests indicated that the cutting of branches from these hybrid spruce and submerging the cut end in water had no measurable effect on rates of photosynthesis or stomatal conductance over the time period relevant to our measurements. We have found the same to be true with both B. papyrifera (Olander et al. 1995) and T. heterophylla (McGroddy et al. 1995) .
A portable closed system LI-COR 6200 infrared gas analyzer (Welles 1986 ) with a 1-L leaf chamber was used to determine the rate of net CO 2 assimilation (maximum net photosynthesis) and stomatal conductivity under full sun conditions. This instrument was always set up on an adjacent forest road, and photosynthesis was measured only on clear, sunny mornings (8 a.m. to 12 noon). For all measurements, photosynthetically active radiation (PAR) was 1200 µmol·m -2 ·s -1 or greater and CO 2 levels averaged 370 µL·L -1 (± 30 µL·L -1 SD). Mean chamber temperature was 27°C (± 3°C SD) and mean relative humidity was 43% (± 12% SD). The needles on the branch placed in the chamber were counted and needle area was measured with a portable leaf area measuring device (CID Inc., Vancouver, Wash.). Needle fresh weight was measured using a portable balance (Ohaus Model CT200, Florham Park, N.J.). Five needles from each branch were immediately fixed in FAA (formalin -acetic acid -alcohol; Berlyn and Miksche 1976).
Anatomy and morphology
Three of the five needles in each sample were used for anatomy measurements. Only mature needles from previous years' flushes were used. Fixed axial sections were cut from the middle of the needles and these sections were dehydrated in an ethyl alcoholtert-butyl alcohol series and embedded in paraffin (Berlyn and Miksche 1976) . Because of the toughness of spruce needles, the tissue blocks were soaked overnight at 35°C in a solution of water, glycerol, DMSO, and liquid detergent (88:10:1:1), to soften cell walls. Tissue sections were cut on a cryotome at a thickness of 12 µm. Ribbons were mounted on slides prepared with a gelatinchrome alum adhesive. Slides were stained in Safranin O and fast green FCF and then dehydrated and mounted with synthetic resin using calipered No. 1 1/2 coverslips (0.15-0.19 mm).
Two needles from each crown position were prepared separately for stomatal measurements. Needles were rehydrated in an ethanol series and then kept in a 5% solution (1.25 M) of sodium hydroxide at 50°C until the pigments were removed and the needles were transparent (about 10 days). Samples were stained in a 1% solution of Toluidine Blue O for about 20 s and temporarily mounted on slides with Karo light corn syrup.
Anatomical measurements were taken using electronic image analysis equipment (Leica Q500MC and QWin v1.00 software). Objectives of 2×, 3.5×, 6×, and 40× were combined with oculars of 5× and 6×, depending on the cellular or histological attributes to be measured. The camera-computer setup provided an additional 8× magnification.
On each slide, from three to five replicates of needle width, needle thickness, vascular cylinder cross-sectional area, and crosssectional area inside the epidermis (from which the mesophyll cross-sectional area was then calculated by subtracting the vascular cylinder cross-sectional area) were measured. Additionally, two sets of both cuticle and upper epidermal wall thicknesses were measured, one on each side of the needle. Stomatal length and interstomatal distance were measured 30 times on each needle.
Statistical analysis
The measurements from each slide were averaged to give a single set of measurements for each needle, and abaxial and adaxial measurements were averaged. Three needles from each crown position were measured, and each needle was considered an observational unit. The four trees sampled from each stand were taken to be experimental units. Results are reported as mean±SE, unless otherwise noted.
The GLM (generalized linear model) procedure from SAS version 6.12 (SAS Institute Inc., Cary, N.C.) was used to analyze the effects of crown position (UO, UI, MO, MI, LO, and LI) and stand (S145, S55, S15), plus the crown position × stand interaction term, on morphological, anatomical, photosynthetic, and conductance data. The interaction term was not significant, even at the 10% level, in any of the ANOVAs, so each ANOVA was re-run with just the main effects. Least squares marginal means were calculated for the main effects. To test the null hypothesis H 0 : lsmean(i) = lsmean(j), t tests were conducted for all (i,j) pairs within each main effect and used to detect differences. The significance of Pearson's correlation coefficients (r) was assessed by testing the null hypothesis H 0 : r = 0. A significance level of 5% was used for all tests.
An index of foliar plasticity, ϕ, is defined as: ϕ = (mean sun leaf trait -mean shade leaf trait)/mean sun leaf trait. Measurements from the upper outer part of the crown were used for "sun needles," and those from the lower innner part of the crown were used for "shade needles." In using this index, we are not assuming that the light gradient is the same across all three stands, we are merely attempting to characterize the individual's plasticity (which is an index of its competitive ability in the environment it faces) in response to crown position.
Results
Along the gradient from UO to LI, needles from all three stands displayed similar trends in anatomy and morphology ( Fig. 2 often lower in the upper part of the canopy than in the lower part, did not follow expected patterns (Table 1) .
With the exception of stomatal conductance (p = 0.057), all ANOVAs on measured leaf parameters were significant at p = 0.05 (Table 2) . In 12 ANOVAs, the "stand" effect was significant at p = 0.05 and in 9 ANOVAs, the "crownposition" effect was significant at p = 0.05. In seven of these models, the two effects were both significant at p = 0.05.
Stands differed for most, but not all (i.e., not for width to thickness ratio or mesophyll cross-sectional area) parameters (Table 3) . Plasticity indices (Table 3) were generally high ( . ) ϕ ≈ 0 30 for the morphological and some anatomical measurements, but were around ϕ = 0 for the stomatal measurements, pore length and interstomatal distance. The two younger stands, S15 and S55, were more plastic for both morphological and anatomical parameters than S145. Photosynthesis and conductance plasticity differed dramatically between stands.
There were definite patterns along the gradient from upper to lower crown positions, but differences between crown positions were larger for some parameters than others (Table 4). Notably, however, crown position was not a significant factor in either stomatal or gas exchange ANOVAs (Table 2) , nor did the least squares means of these parameters display any obvious trends with respect to crown position (Table 4) .
Morphology
Needles from S55 were wider, thicker, had a larger needle area, and were heavier than those from either of the other two stands (Table 3) . In all stands, plasticity values were positive for most of the morphological measurements, indicating that sun needles were bigger than shade needles (Table 3). In terms of needle area, sun needles were more than 30% larger than shade needles in both S55 and S15. On the other hand, in S145, sun needles were 10% smaller in area than shade needles. Sun needles were wider than shade needles for all three stands. Needles varied in cross-sectional shape with crown position: the needle width to thickness ratio was greater for sun needles than shade needles (Tables 3  and 4 ). However, needles in all three stands were similarly flat, as this ratio did not vary significantly between stands (Table 3) .
Anatomy
Needle anatomy varied both with stand (Table 3 ) and crown position (Table 4 ). The amount of conducting tissue, as measured by the cross-sectional area of the vascular cylinder, was lowest in S15 and highest in S55 (Table 3 ). The vascular cylinder accounted for a greater proportion of needle cross-sectional area ("vascular cylinder ratio") in S55 and S145 than in S15 (Table 3) .
Although mesophyll cross-sectional area did not vary significantly between stands (average of 0.69 mm 2 for all three stands, p = 0.77 in the ANOVA), mesophyll plasticity was high in all three stands (Table 3) and there were distinct trends within the canopy (Table 4 ). There was consistently more mesophyll in sun needles than in shade needles. Mesophyll-area plasticity was especially high in S55 (ϕ = 0.55).
Cuticle thickness was about 40% greater in S145 than in S15 (Table 3) . Similarly, epidermal wall thickness was about 15-20% greater in S145 and S55 than in S15. However, in all three stands, plasticity was positive (in the range of 0.15 < ϕ < 0.20; Table 3 ) for both measurements. For both measurements, there was a linear trend from lower to upper canopy and there were significant differences between crown positions (Table 4) . Since stomata occurred in rows rather than in a uniform distribution across the leaf surface, we concluded that interstomatal distance was a better measure of stomatal frequency than the usual stomatal-density measures (used, for example, by Ashton et al. 1998 ). We measured two interstomatal distances: mid-mid interstomatal distance, which is the linear distance between the midpoints of two adjacent stomata; and edge-edge interstomatal distance, which is the width of the "gap" between two adjacent stomata. Thus mid-mid interstomatal distance = edge-edge interstomatal distance + stomatal pore length. The same stand level patterns were apparent for both interstomatal distance measurements (Table 3) . S15 had stomata that were both smaller and more closely spaced than either of the two older stands (Table 3) . For example, edge-edge interstomatal distance was 50% greater and stomatal pore length was 6% greater in S55 than in S15. Although the crown position effect was not significant in the stomatal pore length (p = 0.37) and interstomatal distance (mid-mid, p = 0.37; edge-edge, p = 0.49) ANOVAs, there was still evidence of within-crown stomatal plasticity (Table 3). This plasticity was generally much lower than that for other anatomical features or for the morphological measurements. In S15, sun needles had larger stomata than shade needles (ϕ = 0.07) and there was some evidence that stomata on sun needles were spaced more closely together (Tables 1 and 3) . In S145 and S55, however, there were no definite trends within the crown for either interstomatal distance or stomatal pore length (Table 1) .
The phenotypic response to crown position occurs over an entire suite of characteristics: cuticle thickness, epidermal wall thickness, vascular cylinder cross sectional area, mesophyll cross sectional area, vascular cylinder ratio, needle width, and needle thickness were all positively correlated with each other at p < 0.01 (Fig. 3) . Stomatal pore length and the interstomatal distance measurements were generally not highly correlated with anatomical measurements, although they were correlated with needle weight, area, and thickness (all p ≤ 0.05). Stomatal pore length was positively correlated with the vascular cylinder ratio (r = 0.39, p < 0.01), vascular cylinder cross sectional area (r = 0.37, p < 0.01), and epidermal wall thickness (r = 0.29, p = 0.034).
Photosynthesis
Photosynthesis rates in S15 were roughly twice as high as those in either S145 or S55, as were rates of stomatal conductance (Table 3 ). Both physiological measurements showed strongly negative plasticity in S145 (Table 3) . This means that, on a per unit area basis, the lower inner canopy positions in S145 were photosynthesizing and exchanging gas at a rate several times greater than the upper outer canopy positions. On the other hand, stomatal conductance plasticity was positive in both S55 and S15.
Significant correlations were found between the physiological and several of the anatomical parameters (Fig. 3) . Photosynthesis was negatively correlated with vascular cylinder ratio (r = -0.51, p < 0.01), edge-edge interstomatal distance (r = -0.48, p < 0.01), mid-mid interstomatal distance (r = -0.48, p < 0.01), epidermal wall thickness (r = −0 42 . , p < 0.01), vascular cylinder cross sectional area (r = −0 38 . , p < 0.01), and cuticle thickness (r = -0.37, p < 0.01).
Stomatal conductance was positively correlated with nee- Table 3 . Least-squares means (± SE) and associated crown plasticities, by stand, of the various measurements made on hybrid spruce needles. dle width to thickness ratio (r = 0.39, p < 0.01), needle width (r = 0.35, p = 0.02), and mesophyll area (r = 0.33, p = 0.02) and negatively correlated with edge-edge interstomatal distance (r = -0.29, p = 0.05). Stomatal conductance and photosynthesis were positively correlated (r = 0.63, p < 0.01).
Discussion
Needle structure and function varied with crown position and stand age for these hybrid spruce. Needles from trees in S145 displayed less plasticity than needles from the two younger stands. Previous work on Picea abies by Kull and Koppel (1987) agrees with our result that older trees are less able to adapt to environmental conditions. Niinemets (1996) has suggested that, as trees age, the relative importance of different competitive strategies changes, with branching patterns becoming more important and foliar plasticity less important. Another explanation is that, regardless of light or water, physiological and morphological differences persist between mature and juvenile trees. For example, Gould (1993) documented the heteroblasty of Pseudopanax crassifolius, which results in dramatic morphological differences between the foliage of juvenile and mature trees.
It is important to be aware that our study was undertaken in an introgression zone and we cannot rule out the possibility that some of this variation might be attributed to differences in hybridization. However, patterns in dimensional changes in needle structure with regard to crown position were consistently similar across the three stands, and the differences we have noted are consistent with our interpretation of the stand development patterns in this area. Furthermore, the three stands were located close to each other in the middle of the Nass Skeena Transition area, and topography for all three stands was similar. Therefore, we strongly suggest that environment overrides any detectable differences in hybrid variation among trees and among age classes for this study.
Morphology
Thick leaves occur in sunny dry habitats and where foliage is long-lived (Givnish 1979 within the leaf; see Larcher 1995) photoinhibition occurring as a result of intense radiation high in the crown (other factors such as reflectivity may also be important), and indeed, this was true for all three stands. In this way, high levels of light can be used most efficiently, and little radiation is lost to saturation. Although we did not measure needle orientation, we observed that shade needles tended to be nearly horizontal to the branch (to maximize the amount of light intercepted), whereas sun needles were nearly vertical (to minimize excessive heating), especially in the upper outer canopy position. This is consistent with McMillen and McClendon (1979) .
Thick sun needles have a high carbon cost of construction, but the benefit of reduced photoinhibition and increased photosynthate should make this a good investment (Sprugel et al. 1996) . On the other hand, the low light levels found deep in the canopy result in thin needles that are comparatively inexpensive to produce but can still efficiently harvest the available light. However, in S55, photosynthesis per unit area was negatively correlated with needle thickness (r = −050 . , p = 0.02). In both S15 (r = 0.23, p = 0.47) and S145 (r = -0.13, p = 0.54), the correlation was not significantly different from zero. These results contradict predictions based on cost-benefit economics (Givnish 1979 (Givnish , 1988 .
Needles from S55 were larger in every dimension than those from the other stands. In particular, most sun needles from S55 featured well-developed lobes emanating from the central rib of the vascular cylinder. These are clearly visible in Fig. 2 . The cause of the lobes is unknown (increased light collection is one possible explanation), although they result in a flatter needle more characteristic of P. sitchensis than of the other spruces (Hitchcock and Cronquist 1976) . Similar lobes were found on some sun needles from both S15 and S145, although not all sun needles from these two stands (indeed, not even all sun needles from a given tree) featured such lobes. Since we have not noticed these lobes on P. glauca sun needles from Ontario, this supports our assertion that all three stands are composed of Sitka × interior spruce hybrids.
Xeromorphic leaves have a small ratio of external surface area to volume (Fahn 1982) . However, because volume increases more rapidly (as the third power) than external surface area (as the second power) with increased needle size, large needles from S55 also had a comparatively small surface area to volume ratio. Thus, on a relative basis (with respect to construction cost or photosynthetic capacity), these larger needles should lose less water to cuticular transpiration than smaller needles (Ashton and Berlyn 1994) . Drought could thus be extremely important in S55. Larger needles also have thicker boundary layers, which result in greater resistances to both water loss and CO 2 uptake (Givnish 1979 ).
Although sun leaves are typically thicker than shade leaves, sun leaves are generally smaller (in surface area) than shade leaves of temperate zone species (Hanson 1917; Stover 1944; Givnish 1979; Lichtenthaler 1985; Osborn and Taylor 1990; Sprugel et al. 1996) . This held true only in S145. Where moisture is not limiting, tropical leaves may have larger sun leaves (Ashton 1995) ; this is also the case for paper birch leaves from S15 (Ashton et al. 1998 ).
Anatomy
The amount of vascular tissue is an indicator of both the evaporative demands on the needle (Stover 1944 ) and the amount of photosynthate being produced. Thus, sun foliage has more conducting tissue than shade foliage (Larcher 1995) . Needles from S145 and S55 had more vascular tissue than those from S15 and are, hence, more xeromorphic (Fahn 1982; Larcher 1995) . Drought stress in these two older stands could be frequent, owing to foliar overheating and the difficulty of transporting water up a tall trunk (Kozlowski et al. 1991) . The four trees studied in S145 averaged over 34 m in height. In S15, shorter stems (average of just over 2 m in height) may make drought stress less a factor.
The rationale for the high degree of mesophyll plasticity is the same as that for sun needle thickness, since the two measurements are related. Needles with more mesophyll (the center of photosynthetic activity) can spread the incoming radiation out over a greater volume of tissue, thereby more completely harvesting all the available light and reducing losses to saturation. Such needles are no doubt costly both to produce and to maintain but may be essential for increasing the competitiveness of canopy trees.
The cuticle and upper epidermal wall minimize water lost to evapotranspiration. High levels of light and moisture stress are both positively correlated with cuticle thickness (Martin and Juniper 1970) , and sun leaves generally have thicker cuticles than shade leaves (e.g., Hanson 1917; Stover 1944; Ashton and Berlyn 1994) . The thick cuticles found in S55 and S145 needles are, therefore, further indicators of xeric conditions in these stands.
We cannot easily explain the between-stand dichotomy in stomatal measurements. Sun leaves generally have smaller but more abundant stomata (Hanson 1917; Dengler 1979; Lichtenthaler 1985; Osborn and Taylor 1990; Ashton and Berlyn 1992, 1994) , but this pattern was not evident in our results. In S15, stomata were larger on sun leaves. Li et al. (1996) , in a study of paper birch, found that polyploid populations were more drought tolerant and yet had much larger stomata than the less-tolerant diploids. Crown position was not clearly related to interstomatal distance in any of the three stands we studied. In a study of semi-arid grassland species, stomatal density was not a useful parameter for assessing drought tolerance (Hardy et al. 1995) . However, Ashton and Berlyn (1992) have suggested that low stomatal frequency is correlated with drought tolerance. Thus, middle-aged trees (such as those in S55, with stomata spaced far apart) could be more drought tolerant than either the youngest (S15) or oldest (S145) trees. Even in the moist biogeoclimatic zone we studied, the competition for water is probably high: there are many competitors, all closely spaced, in S55. Drought tolerance could be essential in S55, because of the intense competition in this "stem exclusion" phase (Oliver and Larson 1996) .
Photosynthesis
Although Givnish (1988) has suggested that photosynthesis should be considered on a per unit needle weight basis (because weight is more readily interpreted as a cost of construction), we found this approach no more informative than the standard per unit area basis. The high rates of photosynthesis and stomatal conductance in the youngest stand are in agreement with previous work on a related species, P. abies (Kull and Koppel 1987) .
In S55 and S145, photosynthesis under saturating conditions was lower in the higher crown positions (negative plasticity), although normally sun leaves have much higher maximal rates of photosynthesis than shade leaves (Larcher 1995) . Our data may be a manifestation of the fact that plants have not been able to adapt fully to high levels of light. Nishio et al. (1993) demonstrated that most carbon is fixed in the middle of a leaf, rather than near the upper leaf surface where light levels are highest. Additionally, a high level of light is known to cause chlorophyll loss and photoinhibition (Larcher 1995) . In shade plants, chloroplast movement is believed to be a photoprotective strategy (see Park et al. 1996) .
Stomatal conductance patterns varied across stands. Conductance plasticity was negative in S145 but positive in S55 and S15. The latter two stands are therefore adapted to maximize gas exchange. The negative plasticity of both photosynthesis and conductance in S145 could be an indication that, in this stand, there is less water stress lower in the crown. Consequently stomata are able to open wider and stay open longer without desiccation occurring.
The high rates of gas exchange in the young stand are in accordance with our hypothesis that neither light nor water is limiting in this stand and, hence, that efficiency is not important for competition. Rather, the most competitive trees are the ones that can photosynthesize at the highest rate, regardless of nutrient or water-use efficiency.
Summary
A competitive plant must be able to adapt to its abiotic environment, which changes (water, nutrients, and light, in particular) with stand development. A plant's individual organs (i.e., needles) must also be able to adapt. Although plasticity varies among populations within a species, it is, in the words of Schlichting (1986) , "a characteristic of the individual." The data presented here give evidence of a phenotypic response to crown position in spruce needle morphology, anatomy, and photosynthesis. However, differences between the three stands suggest that a tree's capacity for phenotypic plasticity changes as the tree ages: the oldest stand appeared to be the least plastic. In general, changes in leaf structure and physiology with tree ontogenesis are not well understood (Schlichting 1986; Ashton and Berlyn 1994) . Light-demanding species usually display the greatest foliar plasticity (Jackson 1967; Ashton and Berlyn 1992) . Although seedlings are considered more shade tolerant than mature trees (Kramer and Kozlowski 1979, p. 634) , we believe that older hybrid spruce actually lose plasticity with age. The parent types of these hybrids are on the tolerant end of the shade-tolerance spectrum: Sitka and Engelmann spruce are tolerant and white spruce are intermediately tolerant (Burns and Honkala 1990) . Kobe and Coates (1997) describe the tolerance of the hybrid spruce in our area as being intermediate between A. lasiocarpa and P. contorta. Selection for this trait may vary within the several biogeoclimatic zones in which these hybrids are found. The relationships we observed probably do not apply across different stand types, for example, the relationships in opencanopy stands like those of ponderosa pine are likely to be quite different from the relationships in closed canopy stands like those of cedar-hemlock.
Understanding how changes in plasticity are related to age may be important for understanding competition, as well as stand dynamics. More stands, of both different ages and different forest types, from different biogeoclimatic zones, should be studied so that a more complete picture can be obtained. We need to better understand the relationship between plasticity and ontogeny.
